This article presents a new method for improvement of thermal efficiency in the heat dissipation process from electrical components by replacing the conventional heat sink material with functionally graded materials. For physical properties of functionally graded material, the linear and power-law functions are used. An approximate analytical approach based on the mean value theorem is applied for analyzing the thermal behavior of heat sink. The obtained results in the present study reveal that replacing the heat sink fin material with functionally graded material leads to a significant energy saving in heat sinks since the heat transfer enhances between the fin surfaces and surrounding fluid. Alternatively, the rate of energy saving varies as a function of in-homogeneity index of fin material. It is hoped that the obtained results in the present study arouse interest among the thermal designers and heat sink industries.
Introduction
In electronic components, dissipation of generated heat into the surrounding fluid is important since the generated heat can reduce the performance of device even sometimes may destroy the system. Heat sinks, which are the heat exchangers, are almost used as the heat dissipating systems from electronic components into the surrounding fluid. Application of heat sinks is not restricted to just electronic components. They are used in various systems such as high-power semi-conductor devices, high-power lasers, light emitting diodes (LEDs), computer cooling, and many other sensitive devices. It should be said that improvement of the computer heat sink performance and consequently energy saving in the computer is important in different viewpoints; i) space limitation in such systems, ii) acoustic control due to its destructive effects, and ii) saving of energy using smaller fan size.
Due to the importance of heat sinks as the main parts of electronic packages, additional considerations need in their designing. Several efforts have been performed in order to improve the heat sink performance. Most of the previous investigations focused on the convective parameters around the heat sink. For example, recently, nonofluids due to their higher cooling capabilities are used [1] [2] [3] [4] [5] in order to increase the rate of convective heat transfer between the heat sink and coolant fluid of the heat sinks. Additionally, in some studies [6] [7] [8] [9] properties of the conventional airflow and features of channel cross section were under consideration. On the other hand, effects of various geometries and airflow paths on the heat sink performance are studied [10] [11] [12] [13] [14] . The main objective of this research is study of the effects of FGMs on the thermal efficiency of the heat sinks in comparison to the conventional heat sinks. For computer heat sinks with the restricted space two different heat sinks are used, generally; i) heat sinks made by longitudinal fins, and ii) heat sink made by pin-shape fins. Since the application of first type, namely longitudinal fin is more common in comparison to the pin type heat sinks, this study deals to study on such heat sinks, which are made by longitudinal fins. In fact, in the present research, the conventional homogeneous fin material of heat sink is replaced with Functionally Graded Material (FGM) . FGM is an in-homogeneous material in which the physical properties of material vary continuously along the specific axis. FGMs, basically, are designed for high temperature applications and they are firstly used in Japan in 1984 during a space plane project [15] . However, after that, FGMs have found many different applications such as engine components, heat shielding of satellites, and several applications in aerospace, automobile, and nuclear industries. In the past decade, FGMs are almost used for thermal stress control of cylindrical and spherical bodies and vessels [16] [17] . In this regard, three different linear, power-law, or exponential functions [18] [19] [20] [21] [22] [23] [24] [25] [26] are applied for the FGMs physical properties. Examination of the previous works indicates that application of FGMs is not considered in the heat sinks up to now. Therefore, due to the significant capabilities and benefits of FGMs in the sensitive devices such as heat sinks, the present study aims to introduce advantages of FGMs implementation in the heat sinks and consequently energy saving for the first time. Here, it is assumed that the FGMs longitudinal fin material to be graded as the linear and power-law functions. Figure 1 shows some samples of commercial heat sinks, which are used in the computer systems. As seen, they are heat exchangers, which are made by several longitudinal plate fins. Therefore, in order to analyze the thermal characteristics of a heat sink, the study can be performed on the one of their longitudinal fins. Figure 2 illustrates a schematic of a longitudinal fin array with a thickness of 2t and a length of L, which dissipates heat into the surrounding fluid (generally air). Some common assumptions are made in the present study, for example, uniform heat transfer coefficient, unvarying coolant fluid temperature, negligible radiation between the fin surfaces and surrounding media, and null any heat sink (within the fins) and null any heat source. http://www.ispacs.com/journals/cacsa/2014/cacsa-00018/ International Scientific Publications and Consulting Services The governing equation for a longitudinal fin with respect to mentioned assumptions is [28]  
Mathematical modeling
This second order ordinary differential equation needs to two boundary conditions to solve. Here, two common boundary conditions are made in order to compute of Eq. (2.1). That is, the specific temperature at fin base corresponding to the Dirichlet boundary condition and the insulate fin tip corresponding to the Neumann boundary condition as
For convenience, the following dimensionless parameters are combined with Eqs.
Where "m" and "Γ" are the dimensional and dimensionless thermo-geometric parameters of fin [27] in which "m" is defined as 
The general solution of Eq. (3.6) is
The constants, c 1 and c 2 , in Eq. (3.7) are found using Eq. (2.5). The particular solution of Eq. (3.6) is 
where "β" is in-homogeneity index of FGM. The governing equations for linear class FGM fin and powerlaw class FGM fin is as follows i) Linear class;
ii) Power-law class; (4.12) are solved with an approximate analytical method in order to avoid the complexities of computing and also for quick estimation. This method, which is introduced by [27] is based on the mean value theorem. In this method, the variable coefficients in either Eq. (4.11) or Eq. (4.12) are replaced with their mean values in the closed interval of 0≤ξ≤1 as follows i) Linear class;
Combination of Eq. (4.13) with Eq. (4.11) and Eq. (4.14) with Eq. (4.12) gives the transformed equations for linear class and power-law class of FGM fins, respectively as follows i) Linear class;
As it is seen, the variable coefficients in Eqs. 3.6) ). In addition, high accuracy and capability of this approximate analytical method are proofed before [27] . Therefore, the approximate analytical solution resulted in Eqs. The overall fin performance can be expressed in terms of the overall fin efficiency. The fin efficiency is defined as the ratio of actual heat transfer rate from the fin to the rate of heat that would be ideally transferred if the entire fin were at the temperature of fin base [29] . However, the actual rate of heat transfer can be computed with two different approaches as follows i) Conduction base or differential method, which is obtained by differentiating of θ(ξ) at the fin base, ξ=0. The result of the fin efficiency using this approach for computing the actual heat transfer rate of fin is as ii) Convective base or integral approach, which can be determined by integration of θ(ξ) over the dimensionless fin length from the fin base, ξ=0, to the fin tip, ξ=1. The result after the implementation of this method for calculating of the actual heat transfer rate of the fin is as
However, as stated by previous studies [27, 30] whenever θ(ξ) is approximate, the integral approach, Eq. fin. In addition, increasing the in-homogeneity index, β, decreases the temperature gradient as indicated in images of Figure 3 . On the other hand, for either linear or power-law class of FGM fins, the difference between FGM fin and H.M fin temperature profiles slightly decreases once the dimensionless thermogeometric parameter, Γ, increases. It indicates that application of FGMs in longitudinal fins is highly reasonable in the lower dimensionless thermo-geometric parameters comparing to the higher values of Γ. Another noticeable statement about the temperature profiles is the higher sensitivity of the power-law class FGM comparing to the linear class FGM with respect to in-homogeneity index, β. In other words, changing the in-homogeneity index, β, affects the temperature profile in power-law class FGM fin more than that in linear class FGM fin. Figure 4 shows FGM fin tip temperature, θ(1), for both linear and power-law classes of FGM fin at different dimensionless thermo-geometric parameters in the range of 0≤Γ≤3. Application of FGMs in longitudinal fins decreases the thermal resistance along the normal axis, ξ. Consequently, FGM fin takes the higher temperature at the fin tip comparing to the H.M longitudinal fin. In addition, this thermal resistance along the FGM fin decreases with increasing the in-homogeneity index, β. As mentioned before, the indirect route for estimation of heat transfer enhancement in fins can be obtained through the examination of fin efficiency, η. In this regard, Figure 5 demonstrates the fin efficiency, η, at different dimensionless thermo-geometric parameters in the range of 0≤Γ≤8. Figure 6 . However, the rate of energy saving in power-law class FGM heat sink is significantly higher than the linear class FGM heat sink. These enhancements in the energy saving of FGM heat sinks in both linear and power-law classes develop some advantages within the computer system, for example, it causes the lower airflow rate around the heat sinks which results to the smaller fan size and lower electrical energy consumption. The other benefit of smaller fan size is a reduction on the airflow rate within such sensitive devices and controlling the acoustic level, which results to lower distortions, and increasing the electrical component lifetimes. 
Conclusion
In the present research, application of FGMs in heat sinks is investigated. The linear and power-law functions are considered for the conductivity of FGM longitudinal fins of heat sink. The governing equations are solved with an approximate analytical method based on the mean value theorem. It is observed that application of FGMs in the sensitive devices such as heat sinks enhances the rate of heat transfer and corresponding thermal efficiency in comparison to heat sinks made with H.M. In this regard, in-homogeneity index of FGM plays an important role since it affects the thermal characteristics of FGM heat sink and it improves the energy efficiency in such sensitive devices. Finally, it is stated that application of FGM in heat sinks causes a significant energy saving comparing to the conventional H.M heat sink. The direct result of the heat transfer enhancement in heat sinks is the reduction on coolant flow rate, which leads to using the smaller fan and consequently lower electrical energy consumption. 
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